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Introduction.
Extensive studies have focused on covalently-linked donor-bridge-acceptor (D-B-A)
compounds as "molecular wires" for investigating long distance ultrafast charge/excitation energy transfer. [1, 2, 3, 4] Practical applications in optoelectronics and nanoscale science as well as fundamental knowledge of electron transfer (ET) processes relevant to both biological and chemical systems make this a vibrant topic. [5, 6, 7] The design of simplified molecular systems may allow the complex photochemical charge separation processes that occur in photosynthesis to be more easily modeled; this is of great interest for solar energy applications among others. [8] Rates of intramolecular charge transfer (ICT) in a D-B-A molecule depend on many factors including the nature of the donor, acceptor and bridge moieties, the distance between donor and acceptor, the orientation of the bridge and the electronic coupling between the donor, acceptor and bridge. [9, 10, 11] ICT may occur by coherent tunneling (a superexchange mechanism) through the bridge, or by incoherent hopping via the bridge. [12] Tunneling occurs when donor and acceptor states mix with the bridge states, which are higher in energy than, and well separated from, the donor and acceptor. During the ICT process charge is not located on the bridge. The rate of superexchange ICT in these systems is dependent on an attenuation factor, denoted β, and displays exponential distance dependence and is thus given by equation ( demonstrates that β is a parameter of the entire system rather than being bridge specific. [2] For a molecular bridge to transport charge over long distances with good efficiency, the distance dependence of the ICT should be weak. This can occur when the energies of the bridge states are comparable to that of the donor, and the bridge may be oxidized or reduced directly with electron transfer occurring through a hopping mechanism. The distance dependence of this type of ICT mechanism is much weaker than for the superexchange mechanism and the hopping rate of ICT is inversely proportional to the distance between D and A moieties, i.e.
 
Oligo-p-phenyleneethynylene (OPE) derivatives are conjugated rigid rod-like molecules that can be functionalized internally and at the terminal positions. [13, 14, 15] These features make them attractive molecular bridges in D-B-A molecules. An OPE bridge (comprising three phenyl units) was shown to mediate efficient electron transfer between a donor zinc phthalocyanine and acceptors pyrrolidinoC 60 or gold porphyrin with strong electronic coupling over a distance of >30 Å. [16, 17] The excited-state dynamics of systems consisting of a zinc tetraphenylporphyrin and a free base tetraphenylporphyrin bridged by longer OPE units have been investigated using ultrafast spectroscopy. [18] UV-Visible absorption studies on OPE wires terminated with dialkylamino donor and cyano, formyl or nitro acceptor groups showed a competition between the extension of the chromophores and a decrease of the ICT upon increasing the number of PE repeat units. [19] More extensive photophysical studies on series of extended-TTF-OPE-pyrrolidinoC 60 , [20, 21] porphyrin-OPE-pyrrolidinoC 60 [22] and 3,5-dimethyl-4-(9-anthracenyl)julolidine-OPEnaphthalene-bis(dicarboximide) systems [23] gave  values of 0.20, 0.11 and 0.23 Å -1 , respectively. Other examples include boron dipyrromethene (BODIPY)-OPE systems. [24, 25] Electronic conduction through OPE wires anchored in metal-molecule-metal junctions has also been reported, with length dependent tunneling-to-hopping transitions observed. [26, 27] In the present investigation we focus on a new series of five D-B-A complexes 1-5
with OPEs of varying lengths (n = 0 -4, respectively) as the bridges between diarylamino (D) and aryloxadiazole (A) moieties (Chart 1). The efficiency of ICT processes in these complexes is probed using absorption spectra, cyclic voltammetry, steady-state and timeresolved luminescence (or emission), supported by density functional theory (DFT)
Results and Discussion.
Synthesis.
The structures of the D-B-A derivatives 1-5 and the symmetrical D-B-D and A-B-A reference compounds 6 and 7 studied in this work are shown in Chart 1. The synthetic strategies exploit iterative Pd-catalyzed Sonogashira cross-coupling reactions [28] of new p- 
Solution electrochemistry.
The solution redox properties of 1-7 have been studied by cyclic voltammetry (CV) in acetonitrile and data are collated in Table 1 . The oxidation potential of 0.46 V for 1, assigned to the one-electron oxidation of the triarylamine unit, decreases to 0.40-0.42 V for the longer molecules 2-5 ( Figure 1 ). [29, 30] The symmetrical D--D compound 6 contains two oxidation waves only 120 mV apart, corresponding to sequential oxidations at the two (electronically interacting) triarylamine units. [31] Additional oxidation waves ascribed to the bridge unit are also observed at higher potentials (0.65-0.88 V) which shift cathodically from 2 to 5. This shows that higher oxidation states are stabilized by the longer, more delocalised bridges. Similar behavior was reported for an extended-TTF-OPE-pyrrolidinoC 60 series. [20] Irreversible reduction waves were observed between -2.23 and -2.45 V for compounds containing the oxadiazole group. Steady state optical spectroscopy.
The normalized absorbance spectra for compounds 1-5 in cyclohexane show a gradual red shift with increasing length of the OPE bridge ( Figure 2 and Table 2 ). This trend points to an increase in conjugation which in turn implies mixing between the electronic states of donor, bridge (OPE) and acceptor components. The absorption spectra are similar in polar acetonitrile and non-polar cyclohexane. (See Table 2 and Figure S1 for compound 2). The longer molecules 4 and 5 contain much higher extinction coefficients than 1-3 suggesting that the long OPE bridges contribute strongly to these transitions.
In order to obtain a clearer picture of the intramolecular electronic overlap, and also to understand the impact of the solvent polarity, the two symmetric systems 6 (DBD) and 7
(ABA) were studied. Compound 6 has one OPE unit in the bridge and it is therefore compared with the DBA molecule 2. The absorption data of 6 and 2 are very similar.
Likewise, 7 and 3, both with two bridging OPE units, reveal no notable difference in their spectral data ( Table 2 ). Table 2 and text for details.
In sharp contrast to the absorption spectra, the emission spectra of the DA system 1 and the systems with bridging OPE units (D-B-A) 2 -3 show a strong dependence on the dielectric medium (Table S1 and , where  r is the relative permittivity and n D is the refractive index), the emission from all compounds 1-7 is characterized by an intense sharp higher energy peak followed by a lower energy band shoulder, with a relatively small Stokes shift (1890-2650 cm -1 in cyclohexane, Table 1 ). The high energy peak is accordingly attributed to S 0 S 1 fluorescence from a locally excited (LE) state (vide infra) while the low energy broad shoulder could have charge transfer character, although some underlying vibronic contribution cannot be completely ruled out. This LE fluorescence behaviour is retained for 4 and 5 as the PL maxima values change little with more polar solvents. For 1 (D-A) and the shorter D-B-A complexes (e.g. 2 and 3) the high energy peak disappears even for a modest increase in solvent polarity, while at the same time the broad low energy band increases in intensity and redshifts further with increased solvent polarity. This therefore suggests that the LE fluorescence is effectively quenched in 1, 2 and 3 in polar solvents, leading to some decrease in the emission quantum yield (QY), compared to data in cyclohexane ( Table 2 ). The broad low energy profile observed most clearly for 1, 2 and 3 in more polar media is therefore attributed to the formation of an ICT state due to its strong medium dependence.
For the two symmetric systems 6 and 7 ICT is not a possible excited state process and the consequence is therefore that the emission must be due to S 0 S 1 fluorescence. The fluorescence behaviour for 6 with a Stokes shift of 4320 cm -1 in acetonitrile suggests a substantial degree of solvatochromism ( Figure S5 ). Previously a symmetric DBD amine-OPE-amine system like 6, namely 1,4-[(C 6 H 13 ) 2 NC 6 H 4 CC] 2 C 6 H 4 was reported to possess significant solvatochromism despite having an excited state with assumed overall zero dipole moment. [32] For 7 on the other hand, there is very little impact on the fluorescence with different medium polarity ( Figure S6 ) both with respect to spectral progression and QY. This supports the notion that the significantly red-shifted emission in polar media for the shorter compounds 1-3 with Stokes shifts of 6970-8680 cm -1 can be ascribed to ICT states. [33, 34, 35] on changing from cyclohexane to dichloromethane in a reported [36] D--A OPE system with dialkylamine as the donor group, 6-methylpyran-2-one as the acceptor group and -para-C 6 H 4 CCC 6 H 4 CC-as the OPE bridge. This molecule has a highly polar excited state with ICT properties. Such ICT excited states are also present in 1-4 based on their QY data.
It is also interesting to note differences in the photophysics of the series 2-4 studied in this work, and the related D-B-A dyads with electron-donor moieties (D=tetrathiafulvalene (TTF), bithiophene, 9-(4,5-dimethyl-1,3-dithiol-2-ylidene)fluorene and triphenylamine)
connected to electron-accepting 2,5-diphenyl-1,3,4-oxadiazole (OXD) units. [30] Those latter systems had a different bridge segment without the hexyloxy substituents on the phenyl rings.
In that case, the electronic coupling was strongly affected by bridge length (conjugation)
leading to a dramatic decrease of the QY according to the energy gap law. [30] 400 450 500 550 600 650 700 Excitation/a.u.
Wavelength/nm
Figure 4. Emission (left) and excitation spectra (right) of 2 in diethyl ether at various temperatures. The emission maximum at 300 K is normalized to 1.0 and emission spectra at lower temperatures are scaled accordingly. The low energy profile in the excitation spectrum at 300 K is also normalized to 1.0 and excitation spectra at lower temperatures are scaled accordingly.
Low temperature optical spectroscopy was performed on compounds 2 -7 in polar dichloromethane and the relatively non-polar diethyl ether: these solvents were chosen as they have the lowest melting points of the media used here. Figure 4 shows the emission and 11 excitation spectra for 2 in diethyl ether from ambient temperatures to just above the freezing point of the solvent. The lack of vibronic structure in the emission band suggests that this is from the ICT state. There is a gradual red shift of the emission and a small decrease in the intensity as the temperature is lowered. The excitation spectra of 2 in diethyl ether also display a gradual increased red shift; furthermore, the low energy absorption band is split into two distinctive profiles below 200 K. The increase in the red shift and in the structure of the low energy band on lowering the temperature suggests a higher population of planar conformers is present at lower temperatures. These data point to increasing stabilisation of the assumed planar ICT state at low temperatures, even in a non-polar solvent. The low temperature spectra of 3 in diethyl ether show that the ICT emission is induced as the temperature is lowered ( Figure S7 ) like 2. 
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For 4 and 5 in diethyl ether, the emission spectra display vibronic structure and only minor changes as the temperature is lowered, thus indicating that the emission is primarily fluorescence from the LE state ( Figures S8 and S9 ). This clearly demonstrates sensitivity of bridge length with relation to the formation of the ICT state. In parallel, the excitation spectra Low temperature emission and excitation spectra were also obtained for the symmetric systems 6 and 7 in diethyl ether (Figures S10 and S11) and dichloromethane
(Figures S15 and S16). Compared to the D-B-A complexes with similar length OPE bridge
(1 and 2) it is evident that there is not the same dependence on the emission with temperature.
Variations are modest and this in turn suggests that the emission in both compounds is S 0 S 1 fluorescence. It is also interesting to note the similarities between the emission spectra of 4, 5 and 7 in diethyl ether. This indicates that the source of the emission is of similar character in these systems.
The ambient temperature emission spectra obtained for 1-5 in solvents of different polarities, in combination with the low temperature PL spectra, provide a clearer picture of the external and internal factors that influence the nature of the excited states in these systems. The polarity of the solvents is the most important factor for the conversion of the excited state into an ICT state. However, by extending the OPE bridge length between the D and A moieties an equilibrium between the LE state and the ICT state is established, even in more polar media. By subsequently lowering the temperature, the equilibrium will be shifted towards the ICT state which accordingly is the main source of the emission under these conditions.
Molecular Orbital Computations.
Ground state (S 0 ) geometry optimizations were carried out on molecules 1-7 at the B3LYP/6-31G* level without symmetry constraints where methyl groups were used instead of hexyl groups in 2-7 to reduce computational efforts. All the optimized geometries are denoted by the suffix a, i.e. 1a-7a. 15 Electronic structure calculations on 1a-7a show that the HOMOs are on the amine and bridge with considerable π-conjugation, whereas the LUMOs also contain π-conjugation within the oxadiazole and bridge. The amine and oxadiazole contributions to these frontier orbitals decrease on going from 1a to 5a (Tables 3 and S2 with two OPE units.( Figure S17 and Table S2 ) TD-DFT computations were carried out on 1a-7a at CAM-B3LYP/6-31G* to predict the absorption maxima and the nature of the transition bands. The hybrid functional CAM-B3LYP is used to compute charge transfer transitions as it has the necessary physics to model charge contributions more correctly than the widely used B3LYP functional. [37] TD-DFT data are summarised in Table 4 The computed absorption maxima for 2a and 6a with similar molecular lengths agree with those observed experimentally for 2 and 6 in non-polar media. Such similarities also apply to the longer molecules, 3a, 7a, 3 and 7. These pairs of molecules may be regarded as simple OPEs where the D and A groups have little influence on the strong absorption bands arising from LE transitions. The parent OPE molecule, PhCCC 6 H 2 (OC 6 H 13 ) 2 CCPh, where the donor and acceptor groups are replaced by hydrogen groups in 2a, has absorption maxima at 307 and 367 nm in methylcyclohexane assigned by TD-DFT computations elsewhere as HOMO-1  LUMO and HOMO  LUMO LE transitions, respectively. [39] Excited state geometries on model geometries 1b-7b were optimized using TD-DFT computations at CAM-B3LYP/6-31G*. These model geometries denoted with suffix b contain no alkyl groups at the end groups to reduce computational efforts. All these optimized excited state geometries 1b-7b have all the OPE phenylene and oxadiazole rings in plane and their predicted emission maxima are in broad agreement with observed emission maxima in cyclohexane as viewed in Table 5 . Such agreements between observed and computed emission data have been found in a related D-π-A OPE derivative study. [40] The calculated Stokes shifts of 1720-2670 cm -1 are in the same region as the observed Stokes shifts of 1890-2650 cm -1 in cyclohexane (Table 2) . Time-resolved emission spectroscopy.
Time domain studies were performed at ambient temperature using the well-known time-correlated single photon counting (TCSPC) technique. Pulsed excitations in the low energy absorption bands of the series of DBA compounds reveal a complicated picture of the excited state dynamics that is strongly influenced by the dielectric medium. It was not possible using our TCSPC system to record the time-resolved emission of 1 in any medium and determine the emission dynamics, details on this are given in the supporting information.
In cyclohexane with blue detection, the decay of the emission is dominated by a fast component in the 16-60 ps (Table S3 and . [21, 23, 38] The experimental data can be readily fitted to equation 1 giving an attenuation factor of = 0. [22] and = 0.20 Å -1 for extended-TTF-OPE-pyrrolidinoC 60 . [20, 21] These relatively large values for OPE bridges indicate that the length of the bridge has a significant impact on the ICT process. For comparison, oligo-p-phenylenevinylene (OPV) bridges, albeit with different D and A moieties, can give much lower values, indicative of more effective conjugation, e.g.
tetra-phenylporphyrin (TPP) conjugates [41] TPP-OPV-pyrrolidinoC 60 0.03 Å -1 , and exTTF-OPV-pyrrolidinoC 60 gives an exceptionally small β value of 0.01 Å -1 . [42] The emission from the symmetric systems 6 and 7 also display a fast component in the blue detected in non-polar and polar media. The emissions must therefore have the character of S 0 S 1 fluorescence, irrespective of solvent polarity. However, 6 did show more medium dependency in the steady state emission which was attributed to solvatochromism, as previously mentioned. It is therefore possible that this could be reflected in the time domain emission as well. However, a more likely interpretation of the fast emission component in both systems is that this phase reflects structural relaxation or planarisation of their conformations. The dynamics of this process appears to be correlated with the molecular size as 6 is faster than 7 in both solvent media (Table 6 ).
Conclusions
The synthesis and optoelectronic properties are reported for an extended series of novel dyads 1-5 with OPE bridges and triarylamine donor and diaryloxadiazole acceptor end groups.
These systems have high PLQYs in cyclohexane where the OPE bridges play a dominant role. In low polarity solvents the emission is characterized by a sharp high energy peak attributed to fluorescence from a locally excited (LE) state. In more polar environments the LE state is effectively quenched by transfer into an intra-molecular charge transfer (ICT)
state. The ICT state also dominates at lower temperatures. An attenuation factor β of 0.15 Å 
Experimental Section
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Details on syntheses and characterization of new compounds 1-7 are given in the Supporting Information.
Optical spectroscopy.
Linear absorption spectra were recorded on a UV-vis vision absorption spectrometer.
Fluorescence and emission spectra were recorded on a Jobin-Yvon Horiba fluorolog tau3
instrument. In the fluorescence experiments spectroscopic grade solvents were used and the absorption maximum did not exceed 0.3. Quantum yields (QYs) were measured using the absolute method. [43] Time-resolved emission was measured using the time-correlated single photon counting technique (TCSPC). A Verdi V8 green diode laser pumps a picosecond Mira 9000
Ti 
Solution electrochemistry.
Electrochemical measurements (Autolab PG-STAT 30) were carried out using dry dichloromethane solutions of ca. 10 -4 M analyte containing 0.1 M NBu 4 PF 6 electrolyte in a standard three-electrode cell using platinum (1 mm diameter disc) working electrode with platinum wires as counter and reference electrodes. Potentials are reported using a ferrocenium/ferrocene couple (FcH + /FcH = 0.0 V) as an internal reference.
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For the series of D-B-A dyads an attenuation factor β of 0.15 Å -1 was determined in accordance with an ICT superexchange mechanism.
